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Introduction 

compares favorably with Ihe besl result reported from a larger production ot -1300 2-cm cel s, in i which the tunction 

W3S f ^ause^,he r resutts mer^ned^»v^it^^te^haUhe ITOdnP^Khnology i^quk5w^^earin^P r a<d?c^lty^a small- 
scale production project has been Initiated in which approximately 50 ITO/lnP cells are being pro duced . T f '^^ g h ^ inrj 

S&Sf AMoV £a“ alsi be?ngts,ed. This large, volume 

^pm^ments include Iwo-gun sputtering, pre-metallization plasma c I © a ^! ^5*-, P c e ils ^vTt h Z A McT enlkc I en c o I 

Performance improvements have been achieved through these changes, resulting in cells with AMO efficiencies ot 

16.1% (SERI measurement). „ , A „ m 2 im/inP rpik 

ThjQ naDer nresents and discusses the procedures used in this small-scale production of 4-cm* ITO^nP celis^ 
The discussion includes analyses of the performance range of all available production cells, and device pe ormance 
data of the best cell thus far produced. Additionally, processing experience gained from the production of these 
% bussed ^^ indSting other issues that may be encountered when larger-scale productions are begun. 

Experimental 

The materials and processes used for this small-scale production of ITO/lnP cells have been developed over 

SSSSfJS. o5-*jb. 

substrates STu^m ~ fetched onThe E*Sf 

buK lifetimes vely similar to those ot other -2 x 10« (Zn-doped) materials used in previous research, demonstrating 

Up t0 prior nctton^tormat ton , S ba(de-contact metallization was performed using a multistep process involving the 

vacuum deposition of 120 nm of AuBe (1 weight % Be), annealing, chemical etching, and electrochemical Au plating 
fl 5 umt (ref 5) The ITO deposition was performed in an ULTEK vacuum system using 2-inch planar US G 
sputter^up wlentatioiT The ITO targets were 91 molar % ln 2 0 3 and 9 molar % Sn0 2 . Earlier studies indicated that 
adding a small amount of H 2 to the Ar sputtering environment during ITO deposition substantially increased the ope 
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circuit voltage (Voc) and fill factor (FF) of the resultant solar cell. [3] However, continued sputtering in this Ho-rich 

nHh 0 p S fTn r \ P h 0 f r f SSIVel ^ al,ere< l the targel material - resulting in a poor control of the optical and electrical properties 
of the ITO. Thus, to provide greater compositional control of the ITO film(s), two US Guns have been incorporated into 
the vacuum system for this production. The first gun deposits ITO in an Ar/H 2 atmosphere at a very sloJFdeposition 

rate (-0.01 nm sec; ). Because the optical transmission of this H 2 -rich ITO is poor, the thickness of this layer is limited 
IL 5 ,'™' 1 ' The remaining 50 nm of ITO is deposited with a second US Gun source. This layer reduces the emitter sheet 
[&Sr? n p e *♦!? COmP J?T^ e neCeSSary thlckness for the first layer of a two-layer ITO/MgF 2 antireflection coating 
(ARC). For this second ITO deposition, an Ar/0 2 /H 2 ambient is used C'0 2 -rich" ITO); the 0 2 and H 2 partial pressures 
are adjusted to yield optimum electrical and optical properties. Both the H 2 -rich and the 0 2 -rich depositions are 
performed without breaking vacuum. Following deposition, ellipsometry and four-point probe measurement are used 
*° d h e, ™ e ;he'T° thickness and sheet resistance, respectively. If the sheet resistance is found to be excessS 
high (1000-40.000 O /□), the ITO-coated cell is placed in a Technics Planar Etch II plasma etcSng system and 
exposed to a pure-H 2 plasma. This procedure reduces the sheet resistance of the ITO to -600-800 Q/n while still 

maintaining optical clarity. It is believed that this process removes excess 0 2 for the ITO, thereby creatinq vacancv- 
generated carriers, (ref. 6) 1 
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Figure 1. Cross-sectonal view of ITO/lnP solar cell showing metallization and antireflection 
aspect ratio of grid line made possible by the photolithographic lift-off techniques used. 


coatings. 


Note high 
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Figure 2. Plan view of grid design used on 4 cm^ ITO/lnP solar cells. The (modeled) losses of this grid are. 
Resistance -2.8% and Shadowing -3.3%, yielding a total grid losses -6.1%. 

After ITO deposition, top grid electrical contacts were patterned using an additive lift-off procedure involving 
chlorobenzene (ref. 7 & 8) Following photolithography, but prior to metallization, the ceHs were plasma cleaned in 
Ar usina the same Technics Planar Etch II system already mentioned. This promoted the adhesion of the the 
subsequent metallization. Metallization (See Figure 1) was performed in an electron-beam vacuum system with 
Cr/Pd/Ag layers of 80 nm, 40 nm, and 5 pm, respectively, (ref. 9) The top grid I contact : is an o 'Ptimui ^ design which in 
addition to very high aspect-ratio grid lines, utilizes tapered bus bars and fingers (See Figure 2) The grid also 
included two relatively large contact pads and an interconnect between the pads, a design co ^° rr ^ f l .^ g n JJ]? 

requirements of semi-automatic mounting equipment currently used in the space indust^ After r ° h ’ 

the active cell area was defined using photolithography and HCI chemical etching. Following cell defimtio , 
second layer of the ARC was formed using resistively evaporated MgF 2 . 

As a final process step before cell measurement, a post-deposition heat treatment (PDHT) at 125 C for 30 .min 
was performed. This treatment increased the short-circuit current (Jsc) of the cells by -2 k without adversely affect g 
other device parameters. This PDHT was necessary because the Photolithographic processes used for this 
production are of lower temperature (<100°C) than those used in previous research (-120 C). . 
automatically if the photolithographic processing involves typically f Used temperalures. Although the PDHT^oes add 
an additional step to the process, it also yields the opportunity to isolate and study an aspect of the II U/inP cen 
fabrication that has not been previously observed. After fabrication, the cells were im 
efficiency measurements and light and dark current-voltage measurements using standardized methods, (ref. 10) 
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Results and Discussion 


The project began with 38 1-in. 2 inP substrates of the low eloping density range (low 10 ^® enr 3 ) and 20 
substrates of the higher doping range (low 10 17 cnr 3 ). At this time, all of the 1016 cm -3 substrates have been 
fabricated into solar cells, but only one cell has been fabricated for the 10 17 cm 3 material. Thus most of the results 
presented here involve performance characteristics of cells made on the 10 16 cm-3 material althouoh some 
prel.rn.nary yet insightful results from the cell made on the higher-doped material will also be discussed Of the 38 

Cr ? ! substrates, four were broken or damaged during back contacting procedures, one was broken durino 
chemical etching and one suffered grid adhesion loss. Shown in Figure 3 and Figure Tis the ranae o^ 
m hfTclif 1 P^ormance for fhe remaining 32 cells. From these data the average cell efficiency is dellrmfned 
“ at romf • Wl, (! de™t»n of 0.35%. The highesl cell pedormance obtained is 16.1% AMO (SERI 

measurement). Dark l-V data analysis indicates that the cells demonstrate near-ideal characteristics with a diode- 
ideality factor and reverse-saturation current density of 1 .02 and 1 .1 x 1 0' 1 2 mAcm’ 2 respectively 



a) Efficiency (%) 


b) V oc (mV) 



c) J^mA-cml- 2 ) 



d) Fill Factor (%) 


histograms illustrating the AMO (1367 Wnr 2 ) performance parameters of the 32 4-cm 2 ITO/lnP solar cells 
RH "actoT 9 9 ^ small ‘ scale P roduct,on - a) Efficiency, b) Open-circuit voltage, c) Short-circuit current density, d) 


As mentioned previously, the PDHT was found to increase the J sc of the cells. However, as indicated by 

du rt no* P l^HT *thf^ rp n * n F| S“ re ,he effect 01 ,he PDHT is completely beneficial. Indeed, although 

Lw k? and short-wavelength response is enhanced, the long-wavelength response is noticeably 

reduced. A plausible explanation for this is that the PDHT tends to reduce the extent of type-conversion throughout 
the junction region, with the overall effect being to shift the effective depth of the sputter-formed junction nearer fhe 
surface. This is consistent with earlier observations, in which higher-temperature heat treatments (200°C) resulted not 
only in increased current density but severely reduced V oc . (ref. 11) However, in this earlier work, a reduction in the 

tong-wavelength QE was not observed, probably because the substrates and processes used at that time resulted in 
much poorer long-wavelength response. 
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Figure 4. AMO performance characteristics of the 32 4-cm 2 ITO/lnP solar cells as a function of fabrication experience. 
Note that the only performance parameter that indicates a slight progressive improvement is the V oc . 


Shown in Figure 6 is the light current-voltage characteristics of one of the two best 4-cm 2 cells made on the 
10 16 cm' 3 material, demonstrating an AMO efficiency of 16.1% (SERI measurement). By comparing these data with 

those taken from the best small-area cell produced (16.5% AMO, 0.1 cm 2 , SERI measurement), (ref. 3) one notes 
that the J$c and the FF values are nearly identical. This not only suggests that the junction-formation mechanism is 

spatially very uniform, but also that the grid design/metallization are nearly optimal for this 4-cm 2 cell. Only V oc is lower 
(bv -10-20 mV) than that previously measured on best smaller ITO/lnP cells made from previously used bulk material 
At present, the reason for this is not apparent. Past observations from these ITO/lnP cells have indicated a trend of 
decreasing V oc with increasing substrate doping (i.e., increasing Na). (ref- 3 & 12) However, the recent results from 

the cell fabricated on thelO 17 cm' 3 substrate, as discussed below, indicate that the substrates and processes used 
for this production demonstrate the opposite (but more classical) behavior of increasing V 0 c with increasing substrate 

Although the efficiency spread of the cells made on the 10 1 ® cm' 3 substrates is quite small, it should be noted 
that several process-related aspects strongly affected the measured performance of the individual cells. Perhaps the 
most important of these is the amount of time during which the cell is exposed to air between ITO and MgF 2 
deposition. Indeed, a cell will degrade by up to -5 mV per week if it is not capped with MgF 2 . A possible explanation 
for this is that the sputtered ITO is believed to be relatively porous, allowing 0 2 diffusion and subsequent reaction at 
the emitter/ITO interface. Here, the 0 2 may neutralize the passivating effect of the H 2 . The evaporated MgF 2 , 
however, may be much less porous, reducing 0 2 diffusion. Other parameters that were initially difficult to control were 
the sheet resistance, transparency, and thickness of the ITO. As observed in earlier work, care must be taken to 
maintain an optimum combination of electrical and optical properties of the ITO as the sputtering source erodes. 
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? 2?™ th,S can b ®, accomplished through small adjustments in the 0 2 /H 2 ratio of the sputtering ambient of the 0 2 - 

oMm J2Jw y ^f^K S ' dera 4 b i e vari 5 ,ton , ! s stl11 observ ed. Luckily, the effects of this problem (FF reduction) were virtually 
eliminated once the post-deposition H 2 plasma exposure procedure was developed and implemented. The final area 

of noted weakness in device fabrication was the back contacting procedure. It was durina this Dart of ceil nrndurtinn 
L a Vf' ° f 06,1 b r ® aka 9e occurred. The underlying reason for this appears to be that, although the two-step 

back metallization procedure gives a reliably low-resistance ohmic contact, it involves many steps in which the 

SnH ini e rL S c P J yS f ICa y ^ andled ( ®' 9 " duri " 9 wax mountin 9- chemical etching, annealing, etc.). Because most of this 
nfJ* d lh 9 tS rom the r ®9 uirement to remove the BeO that forms during sintering, (ref. 5) it has been suggested 

vacuo* p%cess 3 ^ r6S C ° Uld be developed ,hat would make use of either different metals and/or entirely in- 



mTn/Mnf^ Xte ^frn?M n c m ® fficien ®y° f a 4 ;cm 2 ITO/lnP cell produced on 10 16 crrr 3 substrate material, 
b) iTO/MgF 2 . c) ITO/MgF 2 after post-deposition heat treatment. 


a) ITO only. 



Figure 6. Light l-V characteristics of one of the best 4-cm 2 ITO/lnP cell produced from 10 16 cnv 3 substrate material. 
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As mentioned previously, 20 substrates with a higher doping density of 1-2 x 10 17 cm' 3 were supplied by AT&T 
Microelectronics. Because earlier research had indicated that the best cell performance has always been achieved on 
10 16 cm' 3 material, only a single device has thus far been fabricated on the 10 cm material. Although it was 

thought that the performance of this device would, as in the past, be much poorer of , cn ? ,, n^SER I 

(due to reduced V 0 c and J S c). Figure 7 shows the surprising result that an efficiency of 15.8 k AMO (SERI 
measurement) was achieved. Perhaps the most noteworthy fetaure of this result is that instead of a reducec Voc, as 
was always observed in past research, the V^ is 12 mV higher than than that from the best of the 32 cells made from 
the 10 13 cm' 3 material (nearly 20 mV greater than the average V oc measured for the 32 cells). However, because the 
long-wavelength portion of the QE is reduced, the Jsc of this cell is ~3% lower than that of cells made on the .10™ cm 
3 material. Presently, studies are ongoing to determine if the grid design can be modified to function without the 
benefits of the ITO (lower sheet and contact resistance). If this can be done, better optical matching of the A ^ c ™y 
be possible. For example, if a material such as ZnS replaces the ITO, modeling studies indicate that the J sc of these 
fl o 17 cm" 3 ) cells would increase to -33.8 mAcm' 2 . If this can be done while maintaining current values of FF and Voc. 
than the efficiency would increase from 15.8% to 16.3% AMO. In addition because the ZnS is less absorbing than 
the ITO, modeling results also suggest that J S c values up to 36.5 mAcm' may be possible (assuming 4% shadow 
loss)- this would result in a cell with an efficiency of -17.7% AMO. Finally, because these large-area cell resul s 
indicate that the junction formation is relatively insensitive to surface irregularities, investigations are ongoing in 
collaboration with researchers at NASA Lewis Research Center to determine what effects deliberate sudace^xturmg 
(V-Groove) may have on the junction parameters (ref. 13). If these parameters are insensitive to texturing, further 
increases in current collection may be possible. 
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Figure 7. Light l-V characteristics of a 4-cm 2 ITO/lnP cell produced from 10 17 cm' 3 substrate material. Note that the 
V 0 c is higher than for the 10 16 cm' 3 material but that the J sc is slightly reduced. 
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Conclusions 


This project has demonstrated that the sputtering process used to form small-area ITO/lnP solar cells can readily 
be scaled to produce large-area (4-cm 2 ) devices. These large-area cells demonstrate nearly identical performance to 
simi ar small-area cells, suggesting that the spatial independence of the junction-formation mechanism mav be 
exploited further to productions involving larger batches. These results also suggest that this method of junction 

SherSrrP^tPrhn n | SltlVe t0 ?!? predeposition surface irregularities, which tend to have devastating effects in 
other solar cell technologies. The highest resultant solar cell efficiency from the 32 cells produced on substrate 

material doped 0. 5-2.0 x 10 cm - is 16.1% AMO (SERI measurement), which is comparable to the highest efficiency 
reported from another production method using closed-ampoule diffusion. Additionally, because the sputter^ 
S«ffI° n HL e , Chn0 09y canbe configured for in-line (rather than only batch) production modes, this process may 
mq cf ^i add Ih° n f e ^ onomic advantages. Finally, since the substrates used for this production were acquired from a 
US supplier, this technique represents a completely US-based technology for manufacturing radiation-hard solar cells. 
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